Background: Radiosurgery is a well-established treatment modality for medically refractory trigeminal neuralgia. The exact mechanism of pain relief after radiosurgery is not clearly understood. Histopathology examination of the trigeminal nerve in humans after radiosurgery is rarely performed and has produced controversial results. Case Description: We report on a 45-year-old female who received radiosurgery treatment for trigeminal neuralgia by Cyberknife. A 6-mm portion of the cisternal segment of trigeminal nerve received a dose of 60 Gy. The clinical benefit started 10 days after therapy and continued for 8 months prior to a recurrence of her previous symptoms associated with mild background pain. She underwent microvascular decompression and partial sensory root sectioning. Atrophied trigeminal nerve rootlets were grossly noted intraoperatively under surgical microscope associated with changes in trigeminal nerve color to gray. A biopsy from the inferolateral surface of the nerve proximal to the midcisternal segment showed histological changes in the form of fibrosis and axonal degeneration. Conclusion: This case study supports the evidence of histological damage of the trigeminal nerve fibers after radiosurgery therapy. Whether or not the presence and degree of nerve damage correlate with the degree of clinical benefit and side effects are not revealed by this study and need to be explored in future studies.
INTRODUCTION
Radiosurgery has recently gained popularity as a treatment modality for pharmacoresistant trigeminal neuralgia. It is considered as the least invasive procedure as compared with other treatment methods, such as percutaneous destructive procedures and microvascular decompression (MVD). [18, 25] understanding of the mechanism of pain relief from various therapeutic procedures, including radiosurgery. [14] To date, there has only been one animal study that has examined the histological effect of radiation on the trigeminal nerve. [17] This study showed axonal degeneration of the trigeminal nerve after radiation. To our current knowledge, there have only been two case reports on the histopathological trigeminal nerve features after radiosurgery in humans. [14] In one case report, an autopsy showed a trigeminal nerve lesion induced by radiation, [29] conversely, the other report showed that no lesions were identified in a specimen that was taken from the trigeminal nerve during an MVD procedure. [10] Here, we report on a patient who underwent MVD after a short-lasting benefit from a Cyberknife radiosurgery procedure. Histological findings from the trigeminal nerve biopsy are described and discussed in the context of radiation mechanisms of pain relief and microstructural effects.
CASE REPORT

Clinical scenario
A 43-year-old female not known to have any concomitant medical problems was diagnosed to have classical trigeminal neuralgia 4 years ago when she presented with paroxysmal electric-shock-type pain involving the dermatomes of the left maxillary and mandibular trigeminal branches. Her symptoms were aggravated by eating, brushing her teeth, and drinking cold water. The maximal intensity of pain was at the left cheek and left side of the upper lip and radiating to the side of the nose. There was no history of any associated sustained background pain or sensory symptoms. Her pain responded well to carbamazepine initially; however, the dose was escalated after few months without complete control of her symptoms. Subsequently, she was treated with carbamazepine, pregabalin, and baclofen without complete resolution of her severe pain. The pain remained intractable to medical therapy with a visual analogue score (VAS) for pain of 10 points prior to medical therapy and 8 points after.
On clinical examination, there were no sensory deficits or dermatological changes at trigeminal nerve distribution and no abnormal neurological signs. Magnetic resonance imaging (MRI) of the brain did not reveal any signs of demyelinating disease, tumor, vascular malformation, or any other structural lesion. A small vessel was seen above the trigeminal nerve juxtpontine segment by MRI constructive interference in steady state (CISS) sequence [ Figure 1 ]. Management options were offered for the patient, which included percutaneous procedures, radiosurgery, and MVD. After discussing the pros and cons of each procedure, the patient decided to go for radiosurgery.
Subsequently, she underwent stereotactic image-guided radiosurgery using CyberKnife® (Accuray, Inc., Sunnyvale, CA, USA). A total dose of 60 Gy prescribed to 76% Isodose line covering 100% of the target, which consisted of a 6-mm length of the left trigeminal nerve cisternal segment [ Figure 2 ]. Maximum dose to the target was 7894.74 cGy. This was delivered by a single fixed 5-mm cone with a total of 100 beams. The conformality index was 1.61, and the homogeneity index was 1.32. The stereotactic planning was carried out with fusing 1 mm cuts computed tomography (CT) scan with T1 3D MRI and 3D CISS sequence. Of note, the identified length of trigeminal nerve by MRI CISS sequence was 11.5 mm. The pain relief benefit started approximately 10 days after the procedure, and the patient continued to have 80% reduction of the lancinating trigeminal neuralgia pain (Barrow Neurological Institute (BNI) grade III). [26] However, 2 months later, she started complaining of dull background pain with an intensity of 3 VAS and intermittent mild facial numbness at V2 distribution (BNI grade II for facial numbness). There was no change in the lancinating shooting pain pattern. The medications remained unchanged. The patient had a recurrence of the pain 8 months later with more frequent attacks than before the procedure and remained intractable to medical therapy. At that time, clinical examination showed reduced sensation at V2 and V3 and relative reduction in the corneal reflex on the left eye. No corneal ulceration was noted, and the patient had with normal visual acuity. MRI of the brain did not demonstrate any enhancement or signal changes at the trigeminal nerve and brainstem.
We elected to perform MVD to explore the nerve with possible partial sensory sectioning. The procedure was done under neurophysiology monitoring of the facial, vestibulocochlear, and trigeminal nerves on the left side in addition to motor evoked potential (MEP) and somatosensory evoked potential (SSEP). Electromyography (EMG) was used for trigeminal nerve monitoring. Intraoperatively, the trigeminal nerve appeared atrophied and flattened with grayish discoloration of the nerve rootlets [ Figure 3 ]. An arterial loop was identified at the superior surface of the juxtpontine trigeminal nerve segment; however, the artery was not causing obvious compression [ Figure 3 ]. This vessel was separated from the nerve by a Teflon patch. Partial sensory sectioning was done and a small nerve rootlets biopsy from the midcisternal nerve segment was taken and submitted for histopathological examination [ Figure 3 ]. The interval between histological examination and radiosurgery was 13 months.
Histopathology features
The submitted specimen was too small to be utilized for full staining methods. Therefore, the biopsy was completely processed for electron microscopy (EM). The toluidine blue-stained, epoxy-embedded section revealed fibrous tissue (fibrosis) and a few haphazardly arranged and distorted myelinated nerve fibers [ Figure 4 ]. Some were thinly myelinated and many had empty or dense axoplasm. A regenerative axonal cluster was noted as well. Transmission EM revealed variably sized myelinated axons in a marked collagenous background [ Figure 5 ]. Most axons had empty axoplasm with markedly degraded myelin sheaths. Few had filamentous axoplasmic inclusions. There were many degenerated myelin/myelinoid profiles in the background. No active cellular component was noted. The changes were suggestive of advanced traumatic/ destructive process.
DISCUSSION
The effects of radiation on peripheral nerves have been investigated in several early experimental animal works. [3, [12] [13] [14] These studies demonstrated conduction blockage at high doses (1500-1300 cGy) in cold-blooded animals. [13] A lower threshold of radiation for a complete conduction block was observed in warm-blooded animals. [12] These studies showed that the resistance of peripheral nerves to radiation is significant, and gamma fibers were found to be more sensitive to radiation than were alpha or beta fibers. [12, 14] The radiation dose used in the aforementioned experiments was much higher than the current clinically applied dose. In contrast, there is conflicting data regarding the physiological effects of low-dose radiation. In some early studies, conduction excitability was observed at 100 G. [4, 14] However, more recent studies showed that the "excitability effect" is related to artifacts in injured nerve conduction. [11, 27] At present, the most acceptable hypothesis for the physiological effects of radiation on a peripheral nerve is that the nerve conduction block is induced by impaired sodium ion channels function. [14, 27] In our case, neurophysiological monitoring showed only nerve irritation on EMG during surgical manipulation, and the nerve was not stimulated intraoperatively. Intraoperative nerve stimulation and neurophysiological conduction studies can be performed in similar cases in the future to explore the neurophysiological effects of radiation on the human trigeminal nerve.
Radiation-induced structural abnormalities visualized in MRI postradiosurgery procedure have been described. [2, 9, 15] Certain MRI changes, such as trigeminal nerve focal enhancement, might occur in some cases after radiosurgery treatment. This might give an evidence of radiation-induced structural changes within the nerve fibers. In a report of 15 cases, Alberico et al. found that trigeminal nerve enhancement did not correlate with clinical response. [2] More recently, Gorgulho et al. found that pons enhancement in an MRI appears to correlate with pain relief without higher incidence of complications. [15] This finding is supported by other studies, which suggests that proximal nerve targeting at the root entry zone (REZ) to the brainstem can be more effective in pain control. [5, 26, 28] Conversely, this was not evident in other studies. [23, 24] In this presented case, the radiosurgical target was 4 mm from the brainstem at the midcisternal segment. No enhancement or signal changes were identified in the follow-up MRI. Recently, Hodaie et al. reported on trigeminal nerve microstructural changes in tractography after gamma knife radiosurgery. [16] In this report, five patients underwent 3 Tesla MRIs and diffusion tensor imaging (DTI). Fractional anisotropy diffusivity was affected in a focal manner within the nerve, and this modality was more sensitive to demonstrating focal structural abnormality than enhancement to gadolinium. Moreover, this study suggested that radiosurgery predominantly affects myelin. Overall, these radiological abnormalities support the evidence of radiation-induced structural changes within nerve fibers. The reason behind the variability in the trigeminal nerve clinical and radiological responses to radiation is still unresolved.
Histopathology examinations of the effect of radiation on peripheral nerves have been limited for both animal and human studies. Central demyelination of the trigeminal nerve was histologically identified in three patients with vascular compression after performing partial sensory sectioning. [22] Although this study explored the ultrastructural changes in trigeminal sensory rootlets associated with the presence of vascular compression, those patients did not receive radiosurgery. Devore et al. demonstrated similar finding in 12 patients who underwent MVD for trigeminal neuralgia. [8] The main finding is dysmyelination without necrosis. In a single case report, histological examination of the facial nerve after radiosurgery for vestibular schwannoma demonstrated loss of axons and microvascilitis. [30] In another study done on animal spinal nerves that received 90 Gy of radiation, researchers have demonstrated focal islands of denudation in the axons. [7] To date, there are two animal studies that examined the histological effect of radiosurgery on the trigeminal nerve. [17, 31] In 2000, Kondziolka et al. examined the histological effects of radiosurgery on the trigeminal nerves of two baboons. [17] A gamma knife single 4-mm isocentric radiation was applied to deliver 80 or 100 Gy, targeting the proximal trigeminal nerve anterior to the brainstem. The nonradiated brains and nerves were used as controls. An MRI was done 6 months after radiosurgery, which showed gadolinium enhancement of all radiated trigeminal nerves. Histological examination performed 6 months after radiosurgery demonstrated focal axonal degeneration, demyelination, and edema after 80 Gy of radiation. Necrosis was observed in the nerves that received 100 Gy, and in one specimen, the entire nerve was necrotic. This animal study demonstrated evidence of structural damage of the trigeminal nerve by radiation, and the degree of damage could be dose-dependent. Although this experiment added significant information and paved the way for further investigation, it was done on normal trigeminal nerves. Zhao et al. reported on the effect of different doses of radiation on trigeminal nerve of rhesus monkeys. [31] This study showed that 60-70 Gy have very minimal effect, 80 Gy induced partial axonal degeneration, and 100 Gy caused some necrosis.
Histological features on an irradiated trigeminal nerve by radiosurgery for trigeminal neuralgia was reported by Szeifert et al. [29] The investigator reported on a patient with left trigeminal neuralgia who was treated twice with gamma knife radiosurgery. The first treatment targeted the distal cisternal trigeminal nerve segment with 90 Gy; in the second, 70 Gy was delivered to target the proximal nerve closer to the REZ. The patient died 26 days after the second treatment from a stroke not related to radiosurgery. Autopsy and histological examination were carried out for the treated trigeminal nerve, and the contralateral one was used as a control. The timing of the autopsy was 11 months and 26 days after the first and second radiosurgery procedures, respectively. Histological examination showed acute and chronic changes. At the site of the first radiosurgery, fibrotic lesions were identified, and no surviving nerve was found within these lesions using immunochemistry for S100. These abnormalities were considered to be chronic radiation effects. At the second radiosurgery site, a well-demarcated necrotic lesion was found that was considered to be acute radiation effect. The authors suggested that 90 Gy of radiation can induce more effective pathological lesions within the nerve. This is supported by the aforementioned animal study with the hypothesis that histopathological changes are dependent on radiation dose. The authors considered the acute histological changes to be related to the radiation dose of 70 Gy. However, the time frame between the second radiosurgery and histological examination was too short to prove such conclusion. In this report, the size of the nerve specimen was sufficient for a detailed histological and immunohistochemical studies. In contrast, in our case, the submitted biopsy specimen was not sufficient for detailed immunohistochemical investigation.
Foy et al. reported on a 74-year-old female who received two gamma knife radiosurgery procedures for V2 and V3 classical trigeminal neuralgia Table 1 . [10] The patient underwent prior percutaneous glycerol rhizotomy and MVD. The proximal nerve segment received a radiation dose of 85 and 70 Gy in the first and second radiosurgical procedures, respectively. An MRI did not show any nerve enhancement. Similar to our case, the patient underwent MVD and partial sensory sectioning, and a small biopsy was submitted for pathology. The time frame between the biopsy and the two radiosurgical procedures was 16 months and 3 weeks, respectively. Intraoperatively, the nerve looked grossly normal. A histological examination did not reveal any abnormality. This normal histological finding despite prior destructive procedures and two radiosurgery treatments cannot be fully explained. This small nerve biopsy might have been taken from an area that was not affected by prior therapeutic procedures.
In this case report, the patient developed short-lasting pain relief, facial numbness, and mild sustained background pain. All of these clinical features represent trigeminal nerve response to radiation. An MRI did not show any enhancement or signal changes; however, it is not necessary to be present after radiosurgery and does not necessery correlate with the clinical benefit. [2] The patient received radiosurgery after medical therapy with no destructive procedures prior to that. This has rolled out the confounding effect of other procedure. Of note, the safety and benefit of the applied Cyberknife radiosurgery in the treatment of trigeminal neuralgia have been found to be comparable to gamma knife results in several reports during the past decade. [1, 6, 19, 20] During the MVD surgery, the nerve grossly appeared somewhat atrophied and flattened under a surgical microscope Figure 3 . In addition, grayish discoloration was noted as compared with the usual normal trigeminal nerve appearance and also as compared with the visualized faciocochlear complex. We think this particular gross intraoperative finding is worthy of reporting for the benefit of future studies. The biopsy was taken from the targeted nerve portion by radiosurgery. Although the histological examination demonstrated a clear fibrotic lesion and axonal degeneration, the small specimen was not enough for further immunohistochemical investigations. This is a clear limitation of this report, and a larger biopsy might reveal more histological details.
CONCLUSION
Histological studies of the human trigeminal nerve after radiosurgery are very rare. This case report [29] Autopsy Gamma knife, two times First treatment: 90 Gy (distal nerve), Second treatment: 70 Gy (proximal nerve) 11 months after first treatment and 26 days after the second.
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